Blind subterranean mole rats of the Spalax ehrenbergi superspecies in Israel have evolved multiple adaptive strategies to face underground hypoxia. Hypoxia-inducible factor-1α (HIF-1α) and erythropoietin (Epo) are key factors in the development of normal erythropoiesis and angiogenesis. Here, we demonstrate via real-time polymerase chain reaction (PCR) quantification that Spalax fetal liver and kidney express higher levels of Epo mRNA than Rattus, generating reinforcement of fetal erythropoiesis underground and adapting it to life underground in an atmosphere of abrupt and sharp fluctuations of O 2 supply. In neonates, Rattus liver and kidney express higher Epo levels than Spalax under both normoxia and hypoxia, probably due to Rattus ineffective erythropoiesis during embryonic life and its birth in a poorly ventilated breeding nest under ground. Adult Rattus kidney and liver, and adult Spalax liver express similar levels of Epo mRNA under normoxia and hypoxia. However, adult Spalax hypoxic kidney, the major site of erythropoietin production in adult mammals, shows levels that were twice as high as that of Rattus. Spalax expresses remarkably higher levels of HIF-1α mRNA than Rattus at all developmental stages studied, which peaked in neonates, as an adaptation against hypoxia.
Spalax survived 3% O 2 and up to 15% CO 2 for at least 14 h without any deleterious effects or behavioral changes. However, Rattus died after 2 to 4 h (7) under the same conditions. In field measurements, we recorded 7.2% O 2 and 6.1% CO 2 in the burrows in flooded heavy clay soils during the rainy season (Shams, Avivi and Nevo; unpublished results). The flooding season coincides with the breeding period; that is, the gestation period and the delivery of pups occur during the most stressful hypoxic period. Spalax evolved adaptive respiratory mechanisms to tolerate hypoxia (2, 3) , different from those found in diving mammals (8) or high-altitude mammals (9) .
Spalax adaptive mechanisms include blood properties, anatomical and biochemical changes in respiratory organs, and structural and functional changes in a growing list of genes (2, 3) . We have shown that vascular endothelial growth factor (VEGF), a critical angiogenic factor that responds to hypoxia, is constitutively expressed at maximal levels in Spalax muscle, the most energy-consuming tissue during digging, a level which is 1.6-fold higher than in Rattus muscle (7) . Noteworthy, this higher VEGF-mRNA expression is correlated with significantly higher blood vessel concentration in the Spalax muscle compared with Rattus (7); Similarly, neuroglobin, a brain-specific globin (10) , is expressed ~3-fold higher in Spalax brain than in Rattus (unpublished results). Furthermore, we recently discovered that Spalax p53 harbors two amino acid substitutions in its binding domain, identical to mutations found in p53 of human cancer cells; these substitutions endow Spalax p53 with several-fold higher activation of cell arrest and DNA repair genes compared with human p53, and favor activation of DNA repair genes over apoptotic genes (11) . Differences in the structure of other molecules, namely, hemoglobin, myoglobin, haptoglobin (2), and cytoglobin (unpublished results) were also observed.
Spalax Epo and HIF-1α genes were cloned and showed dramatic differences in mRNA expression levels compared with Rattus in adult kidneys under normoxic and hypoxic conditions. Under hypoxia, Spalax Epo mRNA reached significantly higher levels, and its levels continued to increase for longer hypoxic exposure time compared with Rattus. HIF-1α mRNA was twofold higher in adult Spalax normoxic kidney and demonstrated a twofold increase in severe hypoxia of 3% O 2 (12).
Erythropoietin (Epo) is the main factor that stimulates erythropoiesis, thus regulating the level of circulating red blood cells. During fetal and early neonatal stages, the main source of Epo production is in the liver (13, 14) . In mammalian neonates, Epo main synthesis is shifted from the liver to the kidneys (15, 16) and is upregulated by a hypoxic stimulus at the mRNA level (17) . Epo was shown to have nonerythropoietic functions as well (18) . It has an angiogenic activity that stimulates neovascularization in vivo (19) with a potential similar to VEGF (20) and has potential effects on antiapoptotic, mitogenic, and angiogenic activity of the endothelium (21) .
The molecular response to hypoxia is mediated by the hypoxia-inducible factor-1 (HIF-1), which is the mammalian master regulator of O 2 homeostasis (22) . HIF-1 consists of HIF-1α and HIF-1β subunits (22, 23) . The HIF-α is the hypoxia-inducible subunit, and its expression is regulated at both transcription (24) and post-transcription stages (25, 26) . HIF-1 is the transcription factor of many genes related to erythropoiesis (Epo, transferrin), vascularization, vasodilatation (VEGF, nitric oxide synthase), and genes involved in the glycolysis process (27) . Under hypoxia, HIF-1 protein binds to a specific site in the 3′ enhancer of the Epo gene, which induces transcription (17) .
We present Spalax as a unique model to study the adaptive molecular mechanisms of hypoxia tolerance. Here, we studied the differential ontogenetic expression of Epo and HIF-1α in different embryonic, neonatal, and adult stages of Spalax compared with Rattus, using sensitive real-time PCR technique.
MATERIALS AND METHODS

Animals
Spalax carmeli (2n=58) (3) and the white rat, Rattus norvegicus, were tested. Spalax were captured in the field and housed in individual cages in the animal house of the Institute of Evolution. To test for hypoxic stress, animals were placed in a 70×70×50 cm chamber divided into separate cells. The gas mixture (6% O 2 -94% N 2, for 5 h) was delivered at 3.5 l/min. Experiments were performed on the kidney and liver of normoxic 18-day-old embryos; 22-dayold embryos; normoxic and hypoxic 7-day-and 14-day-old newborns; and normoxic and hypoxic adults of similar weight (100-150 g). The developmental stages studied are dictated and restricted by Spalax, a wild rodent found in nature that cannot be bred in captivity.
Tissues
Animals were killed by injection with Ketaset CIII (Fort Dodge, USA), at 5mg/kg of body weight. Whole organs were removed and immediately frozen in liquid nitrogen.
RNA and cDNA preparation
Total RNA was extracted from tissues pooled from at least three individuals using TRI Reagent (Molecular Research Center, Inc., Cincinnati, OH, USA) following the manufacturer's instructions. The RNA samples were treated with DNase I (Ambion, Austin, TX, USA), and 1 µg was taken for first-strand cDNA using M-MLV-H -reverse transcriptase (Promega, Madison, WI, USA). 1 µl of undiluted cDNA was used per real-time PCR reaction.
Gene quantification
Gene quantification was performed using ABI Prism 7000 (Applied Biosystems, Foster City, CA, USA). Both HIF-1α and Epo gene expression were normalized to total RNA, which is recommended as the most reliable method in the absence of a proven housekeeping gene during development (28) . Primers were designed in conserved regions of the genes using Primer Express 2 software (Applied Biosystems). HIF-1α primers were identical for Spalax (Ac# AJ715791) and Rattus (Ac# AF057308) and designed according to the published sequence. The Epo primers were not completely identical, but amplified the same amplicon in Spalax and Rattus. Primers were designed according to Spalax carmeli sequence (Ac# AJ715793) and Rattus sequence (Ac# NM_017001).
For standard curves, plasmid-DNA constructs containing the amplicons of each gene were used. Gene expression rates are given in copies of cDNA generated from 50 ng of total RNA.
Reactions were performed using SYBR Green PCR Master Mix (Applied Biosystems). Dilutions of cDNA were used in order to verify efficiency of the PCR (slope=3.3± 0.1, R 2 ≈1 were achieved). The PCR plate was incubated at 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Because of the scarcity of embryos and newborns of Spalax, which cannot be bred in captivity, and the very large variety of measurements, the samples from 3-4 individuals were pooled. The real-time PCR measurements were repeated three times, and the results were very similar and exhibited an identical pattern of expression; however, because we worked on pooled samples, we could not perform a meaningful analysis to determine statistical significance.
RESULTS
Epo expression
General overview
The expression patterns of Epo mRNA differ in the two rodents ( Fig. 1 ): 1) At prenatal stages Spalax liver and kidney produce higher Epo mRNA than Rattus; 2) At neonatal stages the expression level of Epo mRNA in Rattus exceeds the levels measured in Spalax under both normoxic and hypoxic conditions and in both tissues; 3) Adult Epo mRNA was undetectable in both normoxic Rattus and Spalax livers and demonstrated very low expression in kidneys; 4) Hypoxia induced a twofold higher response of Epo mRNA in adult Spalax kidney than in Rattus; 5) Epo mRNA response to hypoxia in adult liver is similar in both species; however, only 50% of the levels measured in the Spalax hypoxic kidney; 6) in Rattus the kidney becomes the major tissue of Epo mRNA production in response to hypoxia between 7 and 14 days after birth. No similar switch was noticed in Spalax newborns at this stage (Fig. 1) .
Spalax liver
Remarkably, high levels of Epo mRNA were measured in 18-and 22-day-old Spalax embryo livers, ~5.5 and 2.6 times higher than Rattus of the same age, respectively. However, and in contrast to Rattus, Spalax liver, Epo levels are lower in neonates than in embryos. Hypoxic stress elevates Spalax liver Epo mRNA about sixfold in 7-day-old pups, and about twofold in 14-dayold Spalax pups. Epo levels in hypoxic livers of adult Spalax are similar to those in hypoxic Rattus liver and kidney (Fig. 1) .
Rattus liver
Epo mRNA in Rattus liver (Fig. 1) gradually increased from embryos to newborns. Hypoxia (6%, 5 h) caused a threefold increase in liver Epo mRNA levels of 7-and 14-day-old Rattus neonates. Maximal expression was noticed in hypoxic 14-day-old newborns. In normoxic adult Rattus livers, the Epo levels were undetectable; however, it responded to hypoxia by a dramatic upregulation of its expression.
Spalax kidney
Spalax embryonic kidneys at 18 days and 22 days of fetal life expressed 3.5-and twofold higher Epo than Rattus kidney of the same age, respectively (Fig. 1) . Spalax renal Epo at prenatal stages was only 28% that of liver Epo in 18-day-old embryos and 52% in 22-day-old embryos; however, the absolute quantities were higher than in Rattus fetal kidney, as well as in the Rattus fetal liver, the dominant site of Epo mRNA production in fetal Rattus. Normoxic Spalax kidney Epo in neonates and adults decreased dramatically compared with embryos. However, hypoxia induced Epo expression in adult Spalax kidney to maximal levels, about twofold higher than in any other Spalax sample that was tested (Fig. 1) .
Rattus kidney
The Rattus kidney demonstrates lower Epo mRNA levels in embryos than in the liver. In 7-dayold Rattus neonate kidneys, Epo mRNA quantities are equal to those in liver under normoxia and increase threefold under hypoxia (Fig. 1) . The contribution of the kidney to Epo expression in normoxia declines in 14-day-old Rattus, but the response to hypoxia at this stage was maximal among all samples from both rodents and generated a 40-fold increase compared with normoxia ( Fig. 1) .
HIF-1α expression
General overview
Different from Epo mRNA expression, the overall pattern of expression of HIF-1α mRNA is similar in Spalax and Rattus with the exception of its expression pattern in Rattus liver (Fig. 2) . Nevertheless, quantitative differences between the two rodents were noticed. 1) Generally, the highest levels of HIF-1α mRNA were measured during neonatal stages in Spalax kidneys and livers and in Rattus kidneys.
2) The levels of HIF-1α mRNA in Spalax kidneys were the highest among all comparisons of both rodents at all developmental stages studied. 3) Remarkably, a high expression level of HIF-1α mRNA is noticed in the normoxic kidney of 7-day-old and 14-day-old Spalax newborns, as well as the hypoxic kidney of 7-day-old Spalax newborns, which demonstrated three-to four-fold higher amounts than Rattus. 4) Spalax liver HIF-1α mRNA levels are notably higher than Rattus liver in fetal, neonatal, and normoxic adult stages. 5) Under hypoxia, HIF-1α mRNA levels are downregulated in neonatal stages of both rodents, with one exception in the Spalax liver of 7-day-old newborns. 6) However, in adults, Spalax kidney and Rattus liver respond to hypoxia by about a twofold increase in HIF-1α mRNA levels. Nevertheless, the level in the hypoxic adult Spalax kidney is higher than in the hypoxic adult Rattus liver.
Spalax liver
Spalax liver's HIF-1α mRNA, in general, shows lower expression than Spalax kidneys in all studied stages. A twofold increase triggered by hypoxia was noticed in the liver of 7-day-old Spalax newborns, where maximum HIF-1α was measured compared with other stages. The Spalax liver, similar to the kidneys of both Spalax and Rattus, shows a unique peak of expression in neonatal stages, but this pattern was not observed in Rattus liver (Fig. 2) .
Rattus liver
Rattus livers expressed the lowest levels of HIF-1α mRNA, which was most remarkable in preadult stages. A mild response to hypoxic stimuli was noticed in the liver of 14-day-old Rattus pups and in adults.
Spalax kidney
The levels of HIF-1α in the Spalax kidney of 18-and 22-day-old embryos were similar to the levels in adult Spalax; however, ~6-and 18-fold higher than Rattus of the same age, respectively. Spalax kidneys of newborns expressed the highest levels of HIF-1α with a peak in 7-day-old newborns: about threefold higher than in Spalax fetuses or adults (Fig. 2) .
Rattus kidney
Rattus HIF-1α expression in the kidneys exhibits a similar pattern to Spalax kidney but at much lower levels. The peak of expression was noticed in 7-and 14-day-old newborns with a decrease in hypoxia in both stages.
DISCUSSION
In the present study the expression of Epo and HIF-1α mRNA in fetal, neonatal, and adult kidney and liver of blind subterranean mole rats (Spalax) were investigated and compared with white rats (Rattus). The results showed that the liver is the primary Spalax fetal Epo production organ as was found in other mammals (16, 29) .
In previous studies we have shown that adult Spalax kidney, compared with adult Rattus kidney, responds to hypoxia by increasing Epo mRNA levels in a time-and O 2 -dependent manner. Spalax HIF-1α mRNA, unlike Rattus, demonstrated a response to severe hypoxia by a twofold increase in the kidney (12). The present study showed unique adaptive expression patterns of both Epo and HIF-1α in subterranean Spalax compared with Rattus at different developmental stages.
Epo expression in embryos and newborns
The results indicate higher Epo mRNA levels in Spalax fetal liver and kidney compared with Rattus. Seven days after birth, the levels of Rattus liver and kidney Epo were equal and both demonstrated about a threefold increase in hypoxia. In 14-day-old pups, there was an increase in Epo mRNA in normoxic Rattus liver and a decrease in its kidney. However, the Rattus kidney response to hypoxia at this stage was higher than in the liver, and it achieved the maximum levels of Epo measured in this study. Unlike the sheep model, where the liver-to-kidney switch is initiated in utero in the last trimester of gestation (30) , the switch in Rattus appears to start after birth. The Rattus liver ability to express Epo is retained, but the hypoxia-induced Epo transcription in the kidney exceeds that of the liver. Studies on developing Rattus (29) showed that maximum Epo mRNA in the liver was on day 7 after birth in both normoxic and hypoxic animals and declined during development, while kidney Epo mRNA increased during development. A similar decrease of Epo mRNA, as in 14-day-old pups of the normoxic Rattus kidney, was reported also in the porcine kidney (31) . Notably, our results demonstrated that under hypoxia, the adult liver and kidney Epo mRNA levels of Rattus are almost equal, though previous studies showed that nonrenal Epo protein levels in severe anemic nephrectomized Rattus are only 15% of the total Epo concentrations (32) . Noteworthy, Epo mRNA in human hepatoma cells Hep3B increased 50-fold under hypoxia, but only a 10-fold increase was noticed in nuclear run-off experiments (33) , indicating the involvement of post-transcriptional mechanisms in Epo regulation.
Spalax, in contrast, showed higher Epo mRNA levels than Rattus in fetal stages, but lower in neonates. Epo cannot cross the ovine and human placenta (34) (35) (36) and evidence for the physiological role of Epo in fetal erythropoiesis was shown earlier (37) . Therefore, this high expression of Epo in embryonic stages in Spalax may play a critical role since pregnancy and delivery occur under highly hypoxic/hypercapnic conditions in the most stressful rainy season, when flooding for long periods restricts availability of space and prevents ventilation of the burrows, thus increasing hypoxic stress. Therefore, fetal developed erythropoiesis may be critical for the adaptation of underground animals that encounter hypoxic/hypercapnic stress. On the other hand, Rattus gives birth in underground nests where the ventilation is less effective than the normal atmosphere in its usual above-ground habitat. As the fetal erythropoietic system of Rattus is poorly responsive, at least compared with that of Spalax, the newborns face a temporary hypoxic environment. This may explain why Epo levels in Rattus newborns, in both the liver and kidney and under both normoxic and hypoxic conditions, are higher than in Spalax newborns. Spalax newborns are aerated in a nest above ground level, experiencing better ventilation than in adult underground tunnels.
HIF-1α expression in embryos and newborns
Our results indicate higher levels of HIF-1α mRNA in Spalax kidney and liver compared with Rattus from fetal to neonatal to adult life. HIF-1 plays a key role in the establishment of complex physiological systems responsible for oxygen delivery during development, and elevated levels of HIF-1α mRNA may mediate adaptive responses to hypoxia via transactivation of genes encoding angiogenic and erythropoietic factors (38, 39) . The critical role of HIF-1α in normal cardiovascular development was shown by generating HIF-1α-deficient embryonic stem cells. The HIF-1α −/− mutant mice embryos showed a regressed vascularization and died on day 10.5 of pregnancy (40) . As HIF-1 transactivates a battery of different genes, not only Epo, some of our results of HIF-1α mRNA expression, especially the decreased levels under hypoxia in some preadult stages, are difficult to interpret. The decrease in HIF-1α mRNA expression under hypoxia was noticed in developmental stages and in tissues, where HIF-1α mRNA was relatively highly expressed in ambient conditions. This decrease under hypoxia may result from feedback inhibition generated by one or more of the HIF-1-activated target proteins.
Nevertheless, our findings of higher HIF-1α mRNA in the developing Spalax compared with Rattus, may be among the major events that contribute to morphological and physiological properties that allow it to survive in the hypoxic environment to which it is born and spends its entire life. This expression may contribute to the significantly higher capillary density found in Spalax (7, 41) , as well as its higher erythrocyte count (42) and might explain a major adaptive strategy of Spalax to cope with hypoxia.
Rattus HIF-1α mRNA achieved its maximum in normoxic kidneys 7 to 14 days after birth and declined in adults. In contrast, the levels in the Rattus liver increased gradually during development and in adults exceeded the levels of Rattus kidneys under both normoxia and hypoxia. These data coincide with previously published investigations on mice, where the liver HIF-1α mRNA levels were lower than in the kidney during development; however, the opposite pattern was exhibited in adults (43) .
CONCLUSIONS
Preconditioning to chronic hypoxia is known to improve cardiac ischemic tolerance, though the molecular mechanisms of this protection are poorly understood (44) . Such adjustment may protect the heart under conditions that require enhanced work and, consequently, increased metabolism. Moreover, it may also influence the cardiopulmonary system (45) . Spalax embryos are exposed to chronic hypoxia in the pregnancy period during the rainy season, occasionally in flooded habitats. The pattern of Epo and HIF-1α mRNAs expression in Spalax starting with prenatal life as described here, may indeed suggest adaptation to the hypoxic stress beginning in the embryonic stages that prepare it for continuously enhanced digging efforts under abrupt fluctuations in O 2 supply.
Here, some of the unique molecular mechanisms of Spalax were shown as adaptive strategies to cope with hypoxia. These strategies are represented by 1) a high Epo mRNA expression in Spalax kidney and liver in embryonic stages, 2) a strong response of adult Spalax kidney to hypoxia, 3) very high HIF-1α mRNA levels in the Spalax kidney at all developmental stages, and 4) the contribution of the Spalax liver to HIF-1α mRNA, which is much higher during all developmental stages, starting with embryonic stages.
Our current study reflects mRNA expression patterns, but further studies on Epo and HIF-1 protein levels in the two rodents at similar developmental stages and under similar normoxia/hypoxia conditions are necessary to further elucidate the differences in their biological roles during development.
Functional genomic studies of comparative physiology of hypoxia are suggested as a potential approach to understand the genetic basis of the physiological processes and evolutionary adaptations of wild and domestic animals (46) . Future studies in our laboratory aim at probing the extensive adaptive battery of genetic responses of Spalax to variable hypoxic stress through comprehensive functional genomic studies and unraveling the numerous genes cooperating in Spalax hypoxia tolerance. These could later be used in human gene therapy in the fight against ischemia and cancer and may contribute to a better understanding of life in extreme environments such as outer-space flights and deep-sea diving. rLi-Rattus liver, rKi-Rattus kidney, sLi-Spalax liver, sKi-Spalax kidney. Emb -embryo, NB -newborns, d -age in days, Norm -normoxia, Hyp -hypoxia. Values in the chart are in copies in 50 ng of total RNA. Values in the table are in relative units (relative to minimum value, which is 3132 copies/50 ng total RNA).
